1. Introduction {#S1}
===============

Biomineralization is a ubiquitous, organic matrix-mediated process in which living organisms control mineral polymorph selection pathways to form complex crystalline structures ([@R38]; [@R77]). It is a process widely found in a range of living organisms across the tree of life, which uses an array of macromolecules for biomineral production ([@R7]; [@R19]; [@R22]; [@R30]; [@R42]; [@R65]; [@R70]). Two major reasons for biomineralization are the production of either endo- or exo-skeletons that can serve as protection or evasion from predation and structural support for tissue. The most abundant biomineral in nature is calcium carbonate (CaCO~3~) ([@R38]; [@R40]), which can range in size, complexity and polymorphs.

CaCO~3~ occurs in three crystalline anhydrous polymorphs named calcite, aragonite, and vaterite, yet it can also occur as an amorphous calcium carbonate (ACC) precursor phase which is not considered an actual polymorph ([@R1]; [@R3]). It can also exist as three hydrated crystalline forms called monohydrocalcite (MHC), ikaite and hemihydrate ([@R1]; [@R41]; [@R80]). ACC can also be either hydrated (ACC-H~2~O) or dehydrated (ACC) ([@R17]; [@R28]; [@R56]; [@R66]) and plays an important precursor role in the biomineralization process ([@R10]; [@R24]). The most common polymorphs of CaCO~3~ that appear in a variety of marine organisms are aragonite and calcite, though vaterite exists as well ([@R39]). These polymorphs can begin as an ACC-H~2~O and ACC phase *in vivo*, which were first discovered on the surface of fresh sea urchin spicules ([@R56]) and later in forming sea urchin teeth as well ([@R34]). In abiotic systems, CaCO~3~ polymorph selection is mainly governed by temperature, supersaturation, and the presence of other ions such as magnesium (Mg^2+^) and strontium ([@R11]; [@R63]). The phase transitions from ACC-H~2~O to ACC to vaterite to aragonite to calcite (not necessarily all present, as phases can be skipped) is an exothermic process, with thermodynamically downhill steps ([@R59]). Without the intervention of biological mechanisms, these phase transitions in water solutions occur in seconds, whereas with biological control, metastable ACC-H~2~O and ACC phases can be kinetically trapped for months inside sea urchin spicules ([@R28]) or even years in the centers of calcification of corals ([@R16]). This kinetic control may, presumably, give marine calcifying organisms the ability to store ACC, and keep it readily available for deposition and crystallization when needed.

Marine calcifying organisms use the resources available in their surroundings to precipitate their CaCO~3~ structures. Calcium ions (Ca^2+^) are believed to be transferred from the surrounding waters into the tissue and later transported via vesicles to the calcification sites ([@R2]; [@R9]; [@R32]; [@R47]; [@R51]). It is believed that, while the Ca^2+^ ions are transported, they are bound to carbonate ions (CO~3~^2−^) to form stable ACC-H~2~O and/or ACC within the vesicles ([@R10]). While this process is still enigmatic, research on the sea urchin *P. lividus* has clearly shown vesicles containing ACC particles within the cells that surround the spicule growth compartment ([@R9]). Once the ACC particles reach the calcification sites ([@R9]), they are then believed to transform into their final crystalline structure. This final crystalline structure formation process has been shown to be under strict biological control in various organisms ([@R16]; [@R74]). A variety of CaCO~3~ biominerals, modern and fossil, even 550-million-year-old *Cloudina* skeletons, have recently been shown to form by attachment of particles, presumably amorphous ([@R26]).

In corals, particles are formed within a tissue called the calicoblastic endothelium, from which skeletal organic matrix (SOM) is secreted to form the aragonite + SOM composite skeletal structure ([@R71]). It is assumed that in the calicoblastic layer, an array of macromolecules including, but not limited to highly acidic proteins (e.g. CARPs), further stabilize and dehydrate ACC-H~2~O and ACC and control their crystallization into the final crystal polymorph structures of the coral skeleton ([@R6]; [@R46]; [@R47]).

The biological mechanism of polymorph selection is still enigmatic, but observations show that distinct proteins derived from the skeletal matrices of sea urchins, corals, and mollusks play a role in the stabilization of ACC-H~2~O and ACC or in inhibition of crystal growth ([@R4]; [@R6]; [@R28]; [@R35]; [@R76]). For example, in corals, distinct CARPs seem to have different roles in the crystallization pathways of the developing coral. Studies show that the Glutamic acid (Glu) rich protein (CARP2) is upregulated prior to settlement, which is a developmental stage associated with ACC. Once calcification of aragonite is initiated post-settlement, Aspartic acid (Asp) rich proteins (CARPs 1, 3, and 4) are up-regulated ([@R6]; [@R46]). Furthermore, proteins derived from the calcareous sponge *Clathrina* and the ascidian tunicate *Pyura pachydermatina* that are rich in Glu, Serine and Glycine (Gly) ([@R29]) seem to stabilize ACC ([@R4]; [@R76]), while proteins rich in Asp are associated with the formation of crystalline CaCO~3~ ([@R5]; [@R6]; [@R76]). It has been shown that low poly-Asp concentrations inhibit vaterite formation from ACC and allow calcite polymorph selection *in vitro*, while high poly-Asp concentrations seem to inhibit calcite formation and favor vaterite instead ([@R79]). Single amino acid moleculea Asp and Glu appear to stabilize clusters of Ca^2+^ and CO~3~^2−^ when placed in solution ([@R54]). This process of stabilization seems to produce clusters of Ca^2+^ and CO~3~^2−^ that are poorly dissolved in the solution and therefore are closer to becoming a disordered mineral phase. It is believed that these stabilized clusters are produced through the ionic interactions with the Asp and Glu carboxylic sidechains, yet it seems that full protein structures must play more specific roles in the process ([@R54]).

So far, four CARPs 1--4 derived from the scleractinian coral *Stylophora pistillata* have been cloned and characterized ([@R45]). These proteins are localized in different areas within the coral tissue and skeleton, and range in size, acidic amino acid composition, and Asp:Glu ratios, which suggests a different role for each CARP ([@R44]). The CARP3 molecular weight is 18 kDa, it contains 35% Asp and 15% Glu, has a theoretical isoelectric point pI = 3.04, and is the most acidic of the four CARPs ([@R45]). It has been shown that CARP3, among other skeletal proteins, is embedded within the aragonite skeleton of the coral and appears to be embedded within the mineral phase of individual skeletal fibers ([@R44]). Therefore, CARP3 was suggested to have a central role in guiding the specific crystal orientation of the elongated aragonite crystals ([@R44]). Since CARP3 also has a high percentage of Asp (35%), its function is believed to be associated with the crystallization of CaCO~3~ ([@R72]; [@R79]).

The exothermic, thermodynamically favored crystallization of CaCO~3~ in nature ([@R59]) has been shown to favor the incorporation of Mg^2+^ into the initial phases of crystal formation *in vitro* ([@R60]; [@R37]). These phases, as stated above, can begin as ACC, which, when precipitated from Mg-rich solutions, results in Mg-rich ACC *in vitro* ([@R12]; [@R37]). Those experiments also show that Mg-rich ACC has a longer lifetime than Mg-poor Mg-poor ACC, and that the lifetime increases with the Mg:Ca molar ratio when precipitated from saturated solutions *in vitro* ([@R37]). Furthermore, the incorporation of Mg^2+^ into CaCO~3~ polymorphs to form Mg-calcite, aragonite, and in some cases even MgCO3 can be calculated with classical nucleation theory, provided one takes into account the surface energy of the precipitated particles of these minerals ([@R69]). The incorporation of Mg^2+^ within CaCO~3~ structures alters the surface energy of the precipitates. For example, the calculated hydrated surface energy of a pristine nucleus of calcite is 0.21 J/m^2^. When compared to the surface energy of aragonite, which is 0.28 J/m^2^, it is clear that calcite is the favored precipitate since it is closer to zero. However, once calcite begins incorporating Mg^2+^, as occurs in modern day seawater conditions, it becomes more soluble, while its surface energy increases to 0.35 J/m^2^, making aragonite the more energetically favored precipitate ([@R69]). It has therefore been suggested that CaCO~3~ polymorph selection is critically dependent on the aqueous environment conditions, and especially on the Mg:Ca molar ratio ([@R69]).

Several authors have shown a clear correlation between Mg:Ca molar ratios in the oceans and the abiotically favored polymorph selection of either aragonite or calcite ([@R11]; [@R18]; [@R31]). Furthermore, evidence shows that oceanic Mg:Ca molar ratios affect calcifying organisms and the polymorphs they select for their skeletons ([@R63]; [@R64]). [@R68] have shown, from geological records, that marine organisms such as scleractinian corals and calcifying algae shifted their abundance in response to changing Mg:Ca molar ratios over oceanic history. They showed that when the oceanic Mg:Ca molar ratio was \> 2 (Middle Paleozoic (400 Ma) through the Early Mesozoic (250 Ma) and from the Cenozoic (60 Ma) to Modern time -- i.e. aragonite seas), aragonite and high magnesium calcite were the predominant non-biological precipitates, and aragonite forming organisms seemed to be the dominant reef and sediment producers. When oceanic Mg:Ca molar ratios were \< 2 (from the early Paleozoic (525 Ma) and middle to late Mesozoic (240--160 Ma) -- i.e. calcite seas), the predominant non-biological precipitate was calcite, and calcite-forming organisms seemed to be the dominant reef and sediment producers. [@R57]; [@R58] showed that mollusk shells that first appeared during an aragonite or calcite sea formed their shell with aragonite or calcite, respectively, and when the ocean conditions fluctuated multiple times between aragonite and calcite in the last 500 million years, the organisms maintained the original polymorph, rather than adopting the polymorph readily available from seawater.

Two independent studies conducted on recombinant CARP3 have yielded varying results ([@R25]; [@R45]). Primarily, it is important to mention that even though the recombinant CARP3 described below has not gone through any post-translational modifications, which might be crucial for its function *in vivo*, those experiments clearly demonstrated that CARP3 is able to alter the crystallization pathways of CaCO~3~ *in vitro*. The first of these two experiments has shown that, when CARP3 is placed in artificial seawater (ASW) with a Mg:Ca molar ratio of ≈ 5.2 (modern day seawater) for two weeks, it precipitates CaCO~3~ that morphologically resembles aragonite even at pH as low as 7.6 ([@R45]). The second study tested the function of partial domains of CARP3 or the complete protein in solution with a lower Mg:Ca molar ratio of 2.5. Interestingly, the acidic domain of CARP3 managed to completely shift the polymorph selection of CaCO~3~ from a mixture of aragonite and high-Mg-calcite towards high-Mg-calcite, whereas both CARP3 or its variable domain, alone, only partially shifted it ([@R25]). Thus, CARP3 clearly plays a role in polymorph selection. The results of these two prior experiments on the possible function of CARP3 are crucial, because (i) the separation of CARP3 from the organic matrix of the coral is currently not possible, and because (ii) the study of single protein function in the biomineralization process is of high importance. Furthermore, the evidence presented by the above two studies is highly suggestive that Mg:Ca molar ratios play a crucial influencing role on CARP3's polymorph selection ability. If that is also the case *in vivo*, it would require a greater attention to magnesium concentrations at different developmental stages in the coral. The recent discovery that Mg-calcite crystals are present in newly formed coral crystals *in vivo* ([@R51]) may very well depend on the local Mg concentration at the time of mineral deposition. Would a lower Mg:Ca ratio favor the polymorph selection of calcite in the presence of CARP3? What would happen in the absence of any Mg^2+^? To address these questions, we used both low and zero concentrations of Mg^2+^, and diverse concentrations of CARP3, in order to understand the role of Mg^2+^ on CARP3-mediated polymorph selection of CaCO~3~ *in vitro*.

Zero or low Mg concentrations in this study were selected because previous experiments showed that the entire organic matrix extracted from mollusk shells ([@R8]; [@R20]), or peptides inspired by a nacre protein ([@R49]) were able to induce the formation of aragonite from Mg-free solutions. It is therefore possible for proteins to induce the formation of aragonite even in the absence of Mg. Is this the biological function of CARP3, in coral skeleton formation?

2. Materials and methods {#S2}
========================

2.1. High expression and purification of CARP3 {#S3}
----------------------------------------------

CARP3 was grown in *E. coli* BL21 containing PDEST-17 plasmid and extracted as described in ([@R45]) with some modifications ([Fig. S1A](#SD1){ref-type="supplementary-material"}). Briefly, 2% Bacto™ yeast extract was added to the growth medium ([@R15]). CARP3 was expressed by induction with 0.2% L-Arabinose at OD600 = 1.0 and left 18 h over-night at 18°C. The 6XHis-tagged CARP3 were purified using the AKTA Avant25 Fast Protein Liquid Chromatography (FPLC) system. First, CARP3 lysate was purified by high affinity nickel column "His-Trap™ Q HP" (GE), followed by secondary purification with a strong anion exchange column "Hi-Trap™ Q HP" (GE) following protocols from [@R25]. A third purification step used a gel filtration column (HiLoad™ 16/600 Superdex™ 75 pg) for size separation and de-salting prior to experimentation. Each purification step fractions were run on SDS-Page 12% to determine best fraction collection for next step ([Fig. S1B](#SD1){ref-type="supplementary-material"}). Western Blot of all FPLC steps was performed using CARP3 rabbit polyclonal Ab conjugated to goat anti-rabbit (GAR) ([@R44]) Ab and later reacted with ECL ([Fig. S1C](#SD1){ref-type="supplementary-material"}).

2.2. Macro-scale polymorph selection of calcium carbonate in the presence of CARP3 {#S4}
----------------------------------------------------------------------------------

### 2.2.1. Synthesis of CaCO~3~ {#S5}

For these experiments we used a 30x30x50 cm^3^ crystallization chamber containing one 25 ml beaker filled with 3.5 g of (NH~4~)~2~CO~3~ (Carlo Erba), covered with parafilm in which ten holes were made. We also had a Petri dish (d = 8 cm) with 16 gr of anhydrous CaCl~2~ (Fluka) and a 24 well plate used for cell culture (MICROPLATE 24 well with Lid, IWAKI) which contained a round glass coverslip in each well. The round glass cover slips were washed with ethanol and fast dried using an infrared lamp. The wells had a final volume of 750 μL. In the first set of crystallization experiments, in which only calcium chloride was used, each well contained 375 μL of a 20 mM CaCl~2~ solution, 5-μL of CARP3 solution at a concentration of 0.5 mg/ml and Milli-Q water to volume completion (CARP3 final concentration of 3.33 μg/mL). Once done, the microplate was covered with an aluminum foil and holes were made over every well.

Experiments using both Ca^2+^ and CO~3~^2−^ were designed to better simulate the real crystallization conditions in seawater. The solution with the Mg:Ca ratio equal to 1 was prepared filling each well with 188-μL CaCl~2~ 40 mM, 188-μL MgCl~2~ 40 mM, same amount of sample used in the first set of experiments and Milli-Q water to completion. The experiment proceeded for four days at room temperature. The obtained crystals were washed three times with Milli-Q water and one time with ethanol before their successive analyses.

### 2.2.2. Optical microscopy observations {#S6}

The optical microscope observations of calcium carbonate precipitates were made with a Leica microscope equipped with a digital camera (Moticam 5). The Moticam 5 captures the image through the MI Devices interface and transfers it to the application software (Motic Images Plus 2.0) for further analysis. The camera has a live resolution of 5.0 MP (2592x1944) and 12 mm focusable lenses. Before analysis, samples were washed with water and air dried. Crystals above the glass coverslip were directly observed without extracting the glass coverslip from the microplate. Images were all taken using the 4X magnification, both with polarized and non-polarized light.

### 2.2.3. Scanning electron microscopy observations {#S7}

SEM images of uncoated samples were collected by using a Phenom Pro Desktop microscope and applying a tension of 3 kV. The instrument has a light optical magnification range from 20 to 134 X, an electron magnification range from 80 to 15000 X, a resolution of less than 8-nm and a BSD detector. Samples were prepared by breaking the glass coverslip and placing a small fragment on the stub. We used standard 12.5 mm diameter aluminum SEM pin stubs, covered with carbon tabs. After preparation, samples were left inside a desiccator for a couple of hours and then cleaned with compressed air to remove any dust residue.

### 2.2.4. Fourier-transform infrared spectroscopy (FTIR) {#S8}

To analyze the product obtained from the crystallization solutions, we used the Thermo Scientific™ Nicolet™ iS™10 FTIR Spectrometer. The instrument has a spectral range from 350 to 7800 cm^−1^ optimized, mid-infrared KBr beam splitter, Mid-infrared Ever-Glo, and a Tungsten/halogen source with resolution better than 0.4 wavenumbers. The instrument is also equipped with an OMNICTM Spectra Software that contains a database of spectral data useful for identifying materials and verifying assumptions. Disk sample for FTIR analysis was obtained by mixing a small amount (\< 1 mg) of product with 100 mg of KBr and applying a pressure of 45 tsi (620.5 MPa) to the mixture using a hydraulic press.

2.3. Nano scale calcium carbonate polymorph selection experiment {#S9}
----------------------------------------------------------------

We used the calcite wafer assay described by [@R28], which consists of depositing a pure CARP3 aqueous solution solution on the surface of a pure geologic calcite crystal wafer. The aqueous sample dissolved some of the CaCO~3~, which was left to dry and reprecipitate in the presence of CARP3. We then utilized soft x-ray PhotoEmission Electron spectroMicroscopy (PEEM)-X-ray Absorption Near-Edge Structure (XANES) for spectroscopic analysis; we scanned the crystals that were reprecipitated across the calcium L-edge (CaL-edge) and carbon K-edge (CK-edge) and concluded that a less energetically stable polymorph of CaCO~3~, vaterite, had invariably precipitated in the presence of CARP3 *in vitro*.

### 2.3.1. Assay for the stabilization of calcium carbonate polymorphs using CARP3 *in vitro* {#S10}

Single geologic crystal wafer (MTI Corporation) of calcite (10x10x1mm) was used in the assay. Wafer boundaries coated with 40-nm Pt (Cressington Sputter Coater). 5x1 μL droplets of Mili-Q H~2~O and CARP3 sample at 0.1 μg/μL (containing buffers 1.2 mM Bis-Tris and 25 mM NaCl) were deposited consecutively at the center of the wafer approximately every 8.5 min. Once dry, the entire sample including the dried droplet area was coated with 1-nm Pt. A Nikon MM-400 light microscope was used to image the dried sample with an "Infinity 1" camera to map areas of interest for PEEM-XANES analysis. The PEEM-3 microscope at Berkeley Advanced Light Source (ALS) was used to analyze the dried droplets on the calcite wafer to obtain an image and identify the edge of the droplet. Then, a stack of 121 images was acquired across the Ca L-edge and CK-edge (separately) ensuring that every stack contained pixels of both the pure calcite wafer and the edge of the dried droplets for XANES-PEEM analysis.

### 2.3.2. XANES-PEEM analysis {#S11}

Spectromicroscopic analysis was done using the PEEM-3 microscope with soft x-ray synchrotron radiation on beamline 11.0.1 at the ALS at the Lawrence Berkeley National Laboratory, California USA. Both Ca L-edge and C K-edge mapping and spectra for the *in vitro* assay of CARP3 protein function were obtained. In both cases, the images had a field of view (FOV) of 56-μm and were comprised of over 10^6^ pixels, each containing the full CaL-edge or C K-edge spectrum, each pixel measuring 60 nm in size. Each time the sample was illuminated at a specific photon energy, a 60-μm FOV image was acquired and saved. A total of 121 images were taken, which are referred to as a stack to form each pixel's absorbance spectrum. For calcium, we acquired a stack of 121 images with photon energy across the calcium L-edge from 340 eV to 360 eV (with steps of 0.1 eV between 345 and 355 eV and steps of 0.5 eV for the rest) to later determine the precise CaCO~3~ polymorph (e.g. calcite, aragonite, vaterite or ACC-H~2~O). We also acquired a stack of 145 images of photon energy across the C K-edge from 280 eV to 320 eV (with steps of 0.1 eV between 286 and 294 eV and steps of 0.5 eV for the rest) to detect organic components (e.g. CARP3). Therefore, every pixel in a stack contained the entire Ca L-edge or the C K-edge XANES spectrum each pixel in the analyzed sample area.

See [@R28] and [@R47] for detailed methods. The radiation dose was kept as small as possible during all PEEM experiments ([@R53]).

### 2.3.3. Component spectra {#S12}

All reference spectra, termed component spectra here, were comprised of several averaged single pixel absorption spectra acquired from different polymorphs of calcium carbonate. Reference spectra ([Fig. 4D](#F4){ref-type="fig"}) were obtained from several sources; Aragonite spectra were obtained from [@R17]; Calcite spectra were averaged from pixels taken from the wafer sample away from the dried droplet and also compared to [@R17] reference for validation ([Fig. 3A](#F3){ref-type="fig"}). Vaterite spectra were also averaged from single pixels from two separate stacks and validated with [@R17] spectra for peak matching and resulted in a more ordered vaterite structure because peaks 1 and 3 were narrower than in the DeVol reference, and the dip between peaks 1 and 2 was also deeper, thus the peaks were better resolved ([Fig. 3B](#F3){ref-type="fig"}).

### 2.3.4. Component mapping {#S13}

Raw data image stacks from the CARP3 function experiment were analyzed using GG Macros for IGOR 6.0 Pro ([http://home.physics.wisc.edu/gilbert/](https://home.physics.wisc.edu/gilbert/)). We stacked all images for carbon and calcium separately, which allowed us to obtain full Ca and C spectrum for each pixel in each stack. For Ca L-edge, we let the software calculate which linear combination of component spectra best fit the spectrum from each pixel, using calcite, vaterite, and aragonite as component spectra. We then mapped the spatial distribution of the three component spectra as an RGB map ([Fig. 4C](#F4){ref-type="fig"}), where Red = aragonite, Green = vaterite, and Blue = calcite) for each sample area analyzed. Since some pixels did not contain sufficient Ca intensity for spectral analysis, they were masked off from the RGB map and appear as black pixels. In addition, the red pixels representing aragonite were regarded as noise and do not represent aragonite.

To normalize C K-edge spectra, we acquired the Izero from the thick 40-nm Pt area on the wafer. C spectra were obtained by extracting spectra from each pixel along the lines indicated in [Fig. 5A](#F5){ref-type="fig"}, binned 7, thus not acquiring single-pixels, but each time averaging the 49 spectra from a 7-pixel square. The spectra from each 7-pixel square from each line were then plotted, aligned in energy and intensity, and averaged. The average spectra from each of the 3 lines were then again plotted, aligned in energy and intensity, and averaged. The resulting spectra for calcite and CARP3 droplet, along with the Izero averaged spectrum, were then plotted in [Fig. 5B](#F5){ref-type="fig"}, used for component mapping in [Fig. 5C](#F5){ref-type="fig"} and normalized to the Izero in [Fig. 5D](#F5){ref-type="fig"}. Izero spectra were extracted and averaged similarly. The calcite and CARP3 droplet averaged C spectra were normalized to the Izero spectrum by simply dividing the former by the latter. Once normalized, spectra from the CARP3 droplet showed the characteristic peaks associated with carboxyl (C═O) bonds in polypeptide chains at 288 eV, and the carbonate peak at 290.3 eV associated with all carbonates. The carbonate peak was observed on the calcite substrate, and also on the CARP3 droplet ([Fig. 5D](#F5){ref-type="fig"}) ([@R14].

3. Results {#S14}
==========

3.1. Macro-scale polymorph selection of calcium carbonate in the presence of CARP3 {#S15}
----------------------------------------------------------------------------------

### 3.1.1. SEM and FTIR spectroscopy analysis {#S16}

This experiment aimed to evaluate the effect of CARP3 on the morphology and polymorphism of CaCO~3~ formed from a 10 mM CaCl~2~ solution or a 10 mM CaCl~2~ plus 10 mM MgCl~2~ solution in which vapors from (NH~4~)~2~CO~3~ diffused into a closed system ([@R36]). This experimental setup requires a high volume of solution. Therefore, we were limited by the amount of CARP3 that we could use. In addition, the Fourier Transform Infra Red (FTIR) spectroscopy measurements require a minimum of about 1 mg of mineral for detection.

Control experiments, carried out in the absence of CARP3, showed that from the Ca^2+^ solution, single crystals exhibiting the typical rhombohedral {10.4} shape of calcite were formed. This was shown by optical microscope (OM) ([Figs. S2A & S3A](#SD1){ref-type="supplementary-material"}) and SEM images ([Fig. 1A](#F1){ref-type="fig"}). Calcite was confirmed by the analysis of the FTIR spectrum ([Fig. 2A](#F2){ref-type="fig"}) which showed absorption bands of calcite at 1422 cm^−1^ (*ν*~3~), 875 cm^−1^ (*ν*~2~) and 712 cm^−1^ (*ν*~4~) ([@R78]). Together with calcite crystals, a few spherical particles were observed by SEM as well. They showed the typical shape and morphology of vaterite ([Fig. 1C](#F1){ref-type="fig"}), but their absorption bands were not detected in the FTIR spectrum ([Fig. 2A](#F2){ref-type="fig"}). The crystals formed from the solution containing Mg^2+^ and Ca^2+^ with Mg:Ca molar ratio equal to 1, exhibited the morphology of single crystals of Mg-calcite ([Fig. 1E](#F1){ref-type="fig"}, [S2B & S3B](#SD1){ref-type="supplementary-material"}), which appeared elongated along the c-axis and expressed additional pseudo {01.1} faces together with the typical rhombohedral {10.4} ones ([Fig. 1E](#F1){ref-type="fig"}) ([@R20]). The FTIR spectrum in [Fig. 2E](#F2){ref-type="fig"} showed absorption bands at 1422 cm^−1^ (*ν*~3~), 875 cm^−1^ (*ν*~2~) and 712 cm^−1^ (*ν*~4~) which were the same of those of calcite, suggesting a very low content of Mg^2+^ within the lattice of calcite ([Fig. 2E](#F2){ref-type="fig"}) ([@R20]). In this condition the formation of vaterite-like spherical particles was not observed and vaterite absorption bands were not detected by the FTIR spectroscopy ([Fig. 2E](#F2){ref-type="fig"}).

When 3.33 μg/mL CARP3 was present in the CaCl~2~ crystallization solution, the polymorph selection of CaCO~3~ was affected with respect to the control experiment. Calcite was still observed, but a higher relative amount (not quantified) of vaterite was detected. This higher concentration of vaterite was revealed by the presence of a higher density of spherical particles in the OM and SEM images ([Fig. S2&S3](#SD1){ref-type="supplementary-material"}) and by the analysis of the FTIR spectrum ([Fig. 2B](#F2){ref-type="fig"}), where a weak additional absorption band at 744 cm^−1^ and a broadening on the *ν*~3~ bands to higher wavenumbers were observed ([@R78]). OM and SEM images showed that calcite crystals still appeared as perfect rhombohedra that in some cases were interpenetrated ([Figs. S2C & S3C](#SD1){ref-type="supplementary-material"}). However, the presence of CARP3 induced surface roughness on the calcite crystals ([Fig. 1B](#F1){ref-type="fig"}), and a more compact, less porous texture of the vaterite aggregated crystallites ([Fig. 1D](#F1){ref-type="fig"}) with respect to the control ([Fig. 1C](#F1){ref-type="fig"}). When CARP3 was present in the Mg:Ca = 1 solution the OM and SEM observations showed only the presence of crystals having the morphology of Mg-calcite and the absence of vaterite-like spherical particles ([Fig. 1F](#F1){ref-type="fig"}, [S2B & S3B](#SD1){ref-type="supplementary-material"}). This polymorph selection of Mg-calcite was still observed in the FTIR spectrum, where no vaterite absorption bands were revealed ([Fig. 2F](#F2){ref-type="fig"}). The crystals of Mg-calcite showed a rougher {10.4} surface ([Fig. 1F](#F1){ref-type="fig"}), with respect to those formed in the absence of CARP3 ([Fig. 1E](#F1){ref-type="fig"}, [S2B & S3B](#SD1){ref-type="supplementary-material"}).

3.2. Nano-scale polymorph selection of calcium carbonate in the presence of CARP3 {#S17}
---------------------------------------------------------------------------------

### 3.2.1. Ca L-edge spectroscopy analysis and component mapping {#S18}

Next, we wanted to check the effect of high concentrations of CARP3 on the CaCO~3~ polymorph selection pathway. For that, we had to use PEEM-XANES spectroscopy, a much more sensitive technique that measures a layer of mineral as thin as 3-nm ([@R23]). The signal for such a thin layer of mineral cannot be detected by microscopic vibration spectroscopic techniques ([@R78]). We placed five consecutive 1 μL droplets of CARP3 at 100 μg/mL concentration, on a single-crystalline calcite wafer, let them air-dry before depositing the next droplet on top of the previous one, and analyzed the dried droplet by Ca L-edge PEEM-XANES spectroscopy as described by [@R28]. The dry droplet on the calcite wafer ([Fig. 4A](#F4){ref-type="fig"}) had a clearly visible droplet boundary and had plentiful crystalline structures. We zoomed in using PEEM on an area of interest ([Fig. 4B](#F4){ref-type="fig"}) containing both the calcite wafer and the edge of the dried droplet for XANES spectroscopy. We obtained reference absorption spectra from [@R17], which were acquired on the same beamline but with a different monochromator grating, thus after comparison to absorption spectra acquired from the present sample, we decided to use the present calcite and vaterite absorption spectra as component spectra ([Fig. 3](#F3){ref-type="fig"}) for component mapping.

We then analyzed the 10^6^ pixels in the image with component mapping, that is, found the best fit to-each pixel spectrum with a linear combination of the three component spectra displayed in [Fig. 4D](#F4){ref-type="fig"}. Assigning each component spectrum an RGB color, as shown in [Fig. 4D](#F4){ref-type="fig"} we obtained the RGB component map presented in [Fig. 4C](#F4){ref-type="fig"}. Of all possible CaCO~3~ polymorphs we observed only vaterite where the droplet had dried. The masked off pixels (Black) did not contain sufficient Ca intensity for spectral analysis and the pixels representing aragonite (Red) were also unreliable and fall under the noise category. We also observed pure calcite on all the surrounding calcite wafer, as expected. The unexpected result was to observe so much vaterite everywhere in the dried CARP3 droplet, and no aragonite, calcite, or Mg-calcite at all.

### 3.2.2. C K-Edge spectroscopy analysis {#S19}

In order to verify that the dissolved Ca^2+^ and CO~3~^2−^ had re-precipitated as vaterite in the presence of CARP3, and that CARP3 and vaterite were co-localized everywhere in the droplet, we analyzed the same region at the carbon K-edge. The XANES spectra extracted from specific blue or red lines in the CARP3 droplet or calcite wafer. ([Fig. 5A](#F5){ref-type="fig"}) revealed two distinct spectra ([Fig. 5B](#F5){ref-type="fig"}) plotted in blue and red. We then performed component mapping ([Fig. 5C](#F5){ref-type="fig"}) on the entire sample using the spectra in [Fig. 5B](#F5){ref-type="fig"} as components with the addition of the beamline background (Izero) spectrum ([Fig. 5B](#F5){ref-type="fig"} Green) as a third reference for component mapping in RGB colors. The results revealed a clear localization distinction between the two spectra, which coincides with the boundary between the dried droplet and the calcite wafer ([Fig. 5C](#F5){ref-type="fig"}). After normalization to the Izero ([Fig. S4A & S4B](#SD1){ref-type="supplementary-material"}) presented in [Fig. 5D](#F5){ref-type="fig"}, we found that the calcite wafer (red region) site showed a sharp peak at 290.3 eV ([Fig. 5D](#F5){ref-type="fig"}), as expected, because this peak is characteristic of all carbonates. The vaterite-rich droplet region (blue) showed a clear peak at 288.2 eV consistent with the carboxyl (C═O) groups in peptide bonds, along with a carbonate peak at 290.3 eV ([@R14]). These results indicate that the re-precipitation of the Ca^2+^ and CO~3~^2−^ indeed occurred in the presence of CARP3. The similar intensities of the carbonate peak and the peptide bond peak indicate that the droplet surface (\~3 nm) contained approximately the same amount of proteins and vaterite, within one order of magnitude.

4. Discussion {#S20}
=============

In this study, we focused on further understanding the *in vitro* biochemical function of the recombinant CARP3 derived from the widely studied stony coral *S. pistillata*. *S. pistillata*, through the process of biomineralization, utilizes an array of macromolecules, including the highly acidic CARPs to precipitate its CaCO~3~ exo-skeleton as the aragonite polymorph ([@R44]; [@R71]). In order to understand CARP3 function in the biomineralization process *in vivo*, it is important to extend the investigation on how a low concentration of Mg^2+^ affects CARP3 calcification activity *in vitro* and therefore might be used by the coral during the course of its development to achieve polymorph selection. Since CARP3 is rich in Asp and is derived from an aragonite-producing organism, prior research ([@R45]; [@R54]; [@R72]) suggests that it is more likely to precipitate aragonite than to stabilize ACC-H~2~O or ACC. Here, we found that in solutions lacking Mg^2+^, both low and high concentrations of CARP3 seem to either alter or hinder the polymorph selection of calcite and favor vaterite instead. Furthermore, it appears that the polymorph selection of vaterite is concentration dependent where the higher the CARP3 concentration, the more vaterite is formed. A similar effect was observed for a 40 kDa protein extracted from the mollusk *Strombus decorus persicus*, associated with biogenic aragonite polymorph selection. When the 40 kDa protein was added to a solution of CaCO~3~ the only CaCO~3~ polymorph detected was vaterite ([@R55]). While this study is focused on a single CARP protein, it is important to remember that the CARP3 protein is found *in vivo* among a vast number of micro- and macro-molecules in the coralline tissue and SOM.

Independent research and polymorph selection experiments conducted by various groups ([@R27]; [@R33]; [@R43]; [@R52]; [@R61]) on the effects of SOM & coral mucus (CM) on the polymorph selection of CaCO~3~ *in vitro* produced varying results and suggestions. One group has suggested that the organic molecules within the SOM are derived from early CM and act as inhibitors of calcification ([@R43]). Furthermore, polymorph selection experiments on fragments of coral skeletons in the presence of SOM or CM, separately, do not seem to change the precipitation rates of CaCO~3~. These results were the same even when Mg^2+^ was present in oversaturated CaCO~3~ solutions. However, SOM and CM do seem to influence the primary polymorph selection ([@R33]). It was therefore suggested that the SOM molecules do not change the kinetics of polymorph selection, but rather influence the formation of one specific polymorph ([@R33]). One group studying the sea urchin *Strongylocentrotus purpuratus* had shown that the organic matrix, extracted from spicules at two developmental stages, has a temporal function variance. They suggest that even though the extracted proteins from the spicules at 48- and 72-hours post-fertilization (hpf) are similar, they induce different crystallization outcomes. At 48 hpf the extracted molecules promote the formation of ACC, whereas at 72 hpf, the extracted molecules promote the formation of calcite ([@R61]).

Further independent experiments showed that SOMs extracted from mollusk shells ([@R8]; [@R21]) or peptides inspired by a nacre protein ([@R49]) were able to induce the formation of aragonite from Mg-free solutions. Other experiments ([@R62]) showed that the SOMs extracted from several species of coral skeletons generally do not induce the formation of aragonite at low Mg:Ca molar ratios. Yet, the acidic macromolecules extracted from the *Balanophyllia europaea* coral did favor the co-formation of calcite and aragonite in the absence of Mg^2+^ ([@R62]). The experimental data reported in this paper show that CARP3 affects polymorph selection, both in the absence of Mg and with a Mg:Ca ratio of 1. This observation can add information on how Mg^2+^ affects the different stages of the biomineralization process in corals interacting with mineralizing proteins, differently from what is known about acidic macromolecules extracted from mollusks, where Mg^2+^ are not necessary for the formation of aragonite. In addition, the fact that the majority of extracted acidic macromolecules from coral do not favor the precipitation of aragonite, hints at the possibility that even though the recombinant CARP3 has not gone through any post-translational modifications, it still resembles the results obtained from these previous experiments. These previous *in vitro* works that studied the entire SOM had the advantage of representing the majority of the intracrystalline SOM. However, they did not describe the role of individual macromolecules and their activity. Since CARP3 has been shown to be upregulated in the post settlement stage associated with the formation of aragonite ([@R6]; [@R46]), the question of what polymorph would be selected, should it be placed in a solution containing either no Mg^2+^ at all or a Mg:Ca ratio of 1 arose. The previous results emphasize the importance of single protein function experiments such as this one. Especially, since this one specific protein, CARP3, is the only one experimentally proven to be intracrystalline in corals ([@R25]).

The crystals formed in our large-volume, low-CARP3 concentration experiments, using solutions containing only CaCl~2~ and MgCl~2~ with molar ratio Mg:Ca of 1, shared the same polymorph and morphology with their controls, respectively. The reason for choosing a Mg:Ca molar ratio of 1 is that, in the absence of additives, it leads to the polymorph selection of only Mg-calcite. Therefore, under this condition, the ability of an additive (e.g. CARP3) to select a polymorph can be easily tested. At higher Mg:Ca molar ratio, Mg-calcite and aragonite usually co-precipitate.

We observed a minimal (using CaCl~2~ solution) or no (using Mg:Ca 1 solutions) polymorph or shape variance of CaCO~3~ particles between experiments at low CARP3 concentration and no-CARP3 controls. However, the interaction between the crystals and CARP3 was quite evident once the SEM images ([Fig. 1](#F1){ref-type="fig"}) revealed that calcite and Mg-calcite crystals grown in the presence of CARP3 had a porous, uneven surface, which was absent from the controls. These findings suggest that CARP3 was interacting with the surface layers of these crystals. The formation of this uneven surface can be attributed to the fact that the adsorbed CARP3 onto the growing calcite, or Mg-calcite, surface is much larger than the crystal lattice of calcite (a few Å). CARP3 proteins behave as inclusions in the crystal. Thus, the advancing calcite growth front can engulf the proteins that are eventually incorporated into the crystalline bulk ([@R67]; [@R71]). Even before the incorporation, the flat surfaces of {10.4} rhombohedra may be perturbed by the presence of these foreign objects, which may change fluid dynamics, local supersaturation and, consequently, introduce morphological changes to the growing crystal surfaces.

Vaterite was only present in the Mg^2+^ deficient experiment results, and its concentration was increased by the presence of CARP3 such that it could be detected by FTIR. Thus, to some extent, CARP3 inhibited the polymorph selection of calcite and favored that of vaterite instead. At low concentration, CARP3 seems to interact with vaterite, as observed for calcite, promoting the aggregation of vaterite crystallites, while at high concentration, it seems to promote a thin layer of interspersed CARP3 and vaterite. A previous study ([@R79]) has shown a correlation between the addition of low concentrations of poly-Asp (pAsp) and the inhibition of vaterite polymorph formation from ACC. In our chemical systems the supersaturation is gradually increased as the vapors from ammonium carbonate diffuse into the solutions (low CARP3 concentration experiments) or droplet evaporates (high CARP3 concentration experiments), and the formation of vaterite is not, presumably, from ACC. One hundred percent vaterite was precipitated when using the high concentration (100 μg/mL) of CARP3 and a lower, FTIR detectable, amount of vaterite was also precipitated with a low CARP3 concentration (3.33 μg/mL) ([Fig. 1D&2B](#F1){ref-type="fig"}). Zou et al.'s experiment tested concentrations of pAsp between 0 and 12 % that showed a concentration-dependent effect of pAsp. They showed that at low concentration (0--3%) pAsp inhibits vaterite, whereas at high concentration (6--12%) pAsp promotes vaterite formation. In our experiment a much lower concentration of CARP3 (0.00033%) was used and yet, vaterite formed, albeit in a small amount. This different behavior of a protein (CARP3) compared to a polypeptide (pAsp) is expected and has its origin in the different folding and amino acid sequence specificity that characterize protein from biominerals, even while taking into account that this particular recombinant protein (CARP3) has not gone through any post-translational modifications. Indeed, just to cite an example, a concentration of 0.0005% of a protein extracted from the mollusk shell of *S. decorus persicus* induced the formation of vaterite in amounts detectable by X-ray diffraction ([@R55]).

When Mg^2+^ ions were present in solution, no vaterite or aragonite formed, only Mg-calcite crystals. The fact that no aragonite formed was probably due to the low Mg:Ca molar ratio of 1, despite the presence of CARP3, which was previously associated with aragonite formation, from seawater ([@R45]). Thermodynamic tests and calculations show a minimum Mg:Ca molar ratio requirement of 2--2.5 for aragonite polymorph selection ([@R69]). [@R37] have also shown that formation of crystals via ACC *in vitro* favors the incorporation of magnesium into the crystalline structure. [@R54] have shown that not only do Asp and Glu stabilize clusters of Ca^2+^ and CO~3~^2−^ in solution ([@R54]), but when magnesium is added at increasing Mg:Ca ratios, it seems to favor the incorporation of magnesium into ACC at increasing concentration *in vitro*. In addition, it seems that carboxylic acids in general have the tendency to favor magnesium incorporation into ACC ([@R75]).

In prior experiments using CARP3's acidic domain, which is rich in Asp (≈ 62%) and placed in a solution with Mg:Ca molar ratio of 2.5, a full polymorph selection shift occurred towards Mg-calcite ([@R25]). These observations may suggest that certain acidic proteins in the biomineralization world might interact with Mg^2+^ for the initial precipitation of the ACC phase and thus lower the ΔG required for CaCO~3~ crystallization ([@R75]). The abundance and location of different calcification-associated proteins might be linked to magnesium-incorporation into the skeletal structure ([@R48]).

Once we increased the concentration of CARP3 to 100 μg/mL (≈ 100 ppm) and gradually, further increased the concentration as the droplet evaporated in our second and independent polymorph-selection experiment without magnesium, all of the precipitated mineral was vaterite ([Fig. 4C](#F4){ref-type="fig"}). The fact that all of the precipitated CaCO~3~ crystals were vaterite is consistent with Asp-rich proteins' function in crystallization and polymorph selection, rather than stabilization of ACC-H~2~O or ACC. We note that in a previous droplet assay experiment by [@R28] with a variety of proteins in the droplet, only calcite precipitated, with the notable exception of the sea urchin skeletal matrix protein SM50, which precipitated stable ACC-H~2~O ([@R28]). This protein is highly alkaline -- pI (pH \~ 12.9) ([@R73]), rich in Gly (NP_999775.1) and, compared to controls (H~2~O, cdk1, PPL A2, BSA) it appeared to be the only inhibitor of crystallization pathways to calcite, and stabilized ACC-H~2~O *in vitro*. In the spicule, ACC-H~2~O was stable up to 2 months post-mortem. Combined, the CARP3 and SM50 experiments suggest a strong influence by these proteins on CaCO~3~ polymorph selection. The CARP3 experiment, in addition, emphasizes the influence of magnesium on the templated CaCO~3~ polymorph.

The fact that CARP3 does not induce the formation of aragonite at low or zero concentration of Mg is relevant to understanding the natural biomineralization process: It demonstrates that in corals the involvement of acidic macromolecules in polymorph selection is completely different from that observed in mollusks ([@R8]; [@R20]; [@R49]), where magnesium ions are irrelevant to aragonite formation. In coral high Mg and CARP3 are both necessary for aragonite formation.

5. Conclusion {#S21}
=============

Two independent polymorph selection experiments have shown here that in the absence of Mg CARP3 inhibits the formation of calcite and selects for the vaterite polymorph only. In the presence of Mg, with Mg:Ca = 1, both vaterite and Mg-calcite are formed, with the proportion of Mg-calcite increasing with the CARP3 concentration. Aragonite was never observed, in any of the experimental conditions, indicating that greater Mg:Ca ratios are necessary for aragonite formation, which differs from the *in vitro* effect mollusk proteins. These results indicating that CARP3 modifies the CaCO~3~ crystallization pathway but is not able to precipitate aragonite without the presence of high Mg:Ca molar ratios, or a preassembled aragonite structure. Finally, we believe that the CARP3 polymorph selection of vaterite in the absence of Mg^2+^ further strengthens the paramount importance that these ions play in polymorph selection during the CaCO~3~ biomineralization process.
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![SEM images of CaCO~3~ formed from a CaCl~2~ solution (A, B, C, D) in the absence (A, C) and in the presence (B, D) of 3.33 μg/mL CARP3. (E, F) SEM images of CaCO~3~ formed from a molar ratio Mg:Ca = 1 solution, in the absence (E) and in the presence of CARP3 (F). The crystal morphology suggests calcite in A and B, vaterite in C and D, and Mg-calcite in E and F. Each crystal is representative of its entire population.](EMS85310-f001){#F1}

![FTIR spectra (labeled as the samples in [Fig. 1](#F1){ref-type="fig"}) of calcium carbonate formed from a CaCl~2~ solution in the absence (A) and presence of 3.33 μg/mL CARP3 (B). (E, F) FTIR spectra of CaCO~3~ precipitated from a molar ratio Mg:Ca = 1 solution without (E) and with CARP3 (F). The typical absorption bands of calcite at 1422 cm^−1^ (*ν*~3~), 875 cm^−1^ (*ν*~2~) and 712 cm^−1^ (*ν*~4~) were detected and suggested a low content of Mg^2+^ within the crystal lattice of calcite. They are marked by blue wavenumbers. The presence of vaterite is detected by the *ν*~4~ band at 744 cm^−1^ (green wavenumber) and the broadening of the *ν*~3~ band at about 1430 cm^−1^ (indicated by the green arrows). Extensive vaterite as in [Fig. 1C and 1D](#F1){ref-type="fig"} was not detectable in the transmission FTIR experiment thus no spectra C and D are presented. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)](EMS85310-f002){#F2}

![Comparison of [@R17] reference spectra and averaged spectra from the present samples for (A) calcite wafer and (B) CARP3-templated vaterite. The absorption spectra in the present work indicate a more ordered crystal structure, based on better resolved (lower dip between) peaks 1 & 2 and peaks 3 & 4 in both A and B. The excellent agreement of the present spectra with the [@R17] references confirms the assignment of the CARP3-induced mineral to vaterite. Minor differences are observed in peak intensities but not in peak positions. The minor peak intensity difference are due to the use of a different diffraction grating in the beamline.](EMS85310-f003){#F3}

![Ca L-edge XANES spectromicroscopy of CARP3 droplet and calcite wafer to assay CARP3 function in polymorph selection. (A) Visible light microscopy image of the dried droplet on the calcite wafer. The red box indicates the area magnified in B and C. (B) PEEM image of the area in the red box in A. The crystals abundant in the droplet are salts from the buffer, and they appear morphologically but not chemically, as they are partly coated with vaterite, and PEEM imaging and spectra are only sensitive to the top \~3 nm of the surface. (C) RGB component map obtained with PEEM of the same area in B, where the color of each pixel displays the concentration of each mineral: Red = aragonite, Green = vaterite, Blue = Calcite. The black pixels were masked off based on insufficient Ca intensity for spectral analysis. These crystals must have not been coated with vaterite. The few red pixels are not aragonite, they fall in the noise category. (D) Ca L-edge XANES spectra used as components in C, correspondingly colored. Notice that the spectral line-shapes are similar for calcite and vaterite, but the energy positions of peaks 2 and 4 (labeled with black numbers) are different, thus they can be distinguished and mapped, as in C.](EMS85310-f004){#F4}

![C K-edge XANES spectra of CARP3 droplet and calcite wafer to test the presence CARP3 and its intact peptide bonds. (A) PEEM image of the droplet edge region analyzed, indicating the lines along which C K-edge spectra were extracted. Red lines: calcite wafer, Blue lines: carbon-rich CARP3 droplet areas. (B) Raw absorption spectra from the colored lines in A, with the same color labeling, in addition to the beamline Izero curve (Green) used for component mapping and spectra normalization. The CARP3 spectrum is displaced vertically for clarity. (C) Component mapping of same sample region obtained using the component spectra in B. (D) Absorption spectra normalized to the Izero, revealing a clear peak at 290.3 eV, characteristic of all carbonates, present in both substrate and droplet regions, and a peak at \~288.2 eV, characteristic of the carboxyl groups (C═O) in each peptide bond ([@R13]; [@R14]; [@R29]; [@R50]), and thus indicative of protein presence. This peak is only observed in the dried droplet, and not on the calcite substrate. Again, here the proteins are on top of the salt crystals. The latter appear green because their spectra are exactly identical to the beamline Izero, that is, they contain no carbon on their surfaces.](EMS85310-f005){#F5}
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